ABSTRACT: Diarrhoea rates are influenced by weather and climate; transmission can be affected by temperature and rainfall extremes, although few studies have quantified this effect. We undertook a global cross-sectional study of diarrhoea incidence in children under 5, drawing on studies published in the last 50 yr, and assessed the association with climate variables. Log-linear regression was used to quantify any association, controlling for the effects of age, socio-economic conditions and access to improved water and sanitation. We found a negative association between rainfall and diarrhoea rates, with a 4% increase in diarrhoea incidence (95% confidence interval, CI: 1-7%, p = 0.02) for each 10 mm mo -1 decrease in rainfall. Little evidence for association with temperature or climate type was found. Our result for rainfall is consistent with a similar study covering a smaller geographic region. Though biases cannot be excluded, the most likely mechanism is that low rainfall leads to water scarcity, which in turn leads to the use of unprotected water sources and reduces hygiene practices. In the future, greater numbers are expected to experience water scarcity, which may lead to more diarrhoea cases in some locations. This study lends support to programmes for hygiene and water and sanitation coverage, as well as lending support to actions to adapt to and mitigate climate change.
INTRODUCTION
Diarrhoea morbidity is influenced by weather and climate variability (Victora et al. 1985 , Salazar-Lindo et al. 1997 , Checkley et al. 2000 . Temperature affects pathogen survival (Kovats & Tirado 2006) , and watersupply contamination due to heavy rainfall has led to diarrhoea outbreaks (Curriero et al. 2001 , Auld et al. 2004 . Drought events and water scarcity may reduce hygiene practices and necessitate the use of unprotected water sources (Moran et al. 1997) . It is suggested that climate change may increase the burden of diarrhoeal disease due to temperature increases (McMichael et al. 2004) .
Studies of these associations are broadly of 2 types. Time-series studies examine the diarrhoea-weather relationship over a short timescale -for example, using weekly exposure and outcome data -and, in general, at a particular location. Cross-sectional studies focus on longer-term averages for exposures and outcomes (e.g. annual averages), and can consider multiple sites. At these different scales, the apparent associations may be quite different. Information derived from such studies may serve distinct purposes: short-term associations, for example, may guide earlywarning systems, such as those for epidemic preparedness, while longer-term data may be more useful for physical infrastructure development. To date, the majority of research has been of the first type.
We know of only one multi-site cross-sectional study on diarrhoea and averaged weather conditions. In a study of 18 Pacific Islands using average annual weather conditions over a 10 yr period, Singh et al. (2001) found that hospitalisation for all-cause diarrhoea increased with decreasing water availability and increasing temperature. However, the relationships could not be quantified due to a lack of statistical power.
In the present study we describe the influence of mean temperature and rainfall (over at least 1 yr) on diarrhoea incidence using data collated for 3 global burden of diarrhoeal disease reviews (Snyder & Merson 1982 , Kosek et al. 2003 . The data are for all-cause diarrhoea and cover a global range of sites, predominately in low income countries. Our study concentrates on morbidity rates, which have remained fairly constant over the past decades despite reductions in mortality (Kosek et al. 2003) . We test the primary hypothesis that climate factors, as measured by average weather conditions, are a determinant of diarrhoeal disease across sites globally, and also examine the association between diarrhoea and climate zone.
METHODS
We undertook a global cross-sectional study using age-specific, all-cause diarrhoea incidence rates in children under 5 yr old as the primary outcome measures. Averaged weather conditions over the study period, as mean monthly rainfall and mean temperature, and climate type of a location were the exposures of interest. Information on confounders (national or local, as available) was obtained from global environmental datasets.
Diarrhoea morbidity data
The global burden of diarrhoeal disease was reviewed in 3 successive and related studies (Snyder & Merson 1982 , and Kosek et al. 2003 . These studies focused on endemic rates of all-cause diarrhoea, and selected for review publications from between 1954 and 2000 according to a strict inclusion criteria: prospective, longitudinal studies, conducted in relatively stable populations over at least 12 mo, with morbidity surveillance at intervals of ≤ 2 wk. The reviews focused on children under 5 yr old living in low and middle income countries. In the present study we analyse the same population, as this group bears the majority of the burden of diarrhoeal disease (Black et al. 2003) .
We assessed the morbidity papers included in the above reviews, excluding those that took place within an area of more than 100 km 2 , those not specifying the time-period of the study, and those not providing morbidity rates in age-aggregates useful for our analysis. All remaining studies were included. Study sites were categorised as rural, urban or slum settings, based on the description in the original study. On-line gazetteers (FRG 2006) were used to geo-reference the study sites and link the health outcome to environmental and socio-economic variables.
The 3 reviews made use of 62 morbidity studies. Of these, 2 were unavailable, 13 specified no relevant morbidity rates, and in 11, the location or time period of the study was insufficiently specified. We included the remaining 36 studies, and named this complete dataset, 'Dataset 1'. Because water, sanitation, and local income data were not available until 1985 (see below), we separately analysed the 15 studies conducted since 1985, as 'Dataset 2'. Fig. 1 shows the global distribution and climate zones of these studies; a summary of the datasets is given in Tables 1-4. 
Environmental and socio-economic data
Climate data were obtained from the Integrated Database Information System (IDIS) (IWMI/CPWF 2006) , which draws on the 0.5 × 0.5°resolution CRU TS 2.1 dataset (Mitchell & Jones 2005) . We used a geographic information system (GIS) to link the study sites to grid-cells and extracted the monthly time series for rainfall and temperature for each month over which the study was conducted. We then averaged the monthly figures to obtain the mean temperature and mean monthly rainfall during the study period. Sites were also categorised as tropical-humid, arid, warm temperate, or boreal forest and snow, based on the revised Köppen-Geiger climate classification (Beck et al. 2005 , Kottek et al. 2006 . In Dataset 1, we included data on gross domestic product (GDP) per capita. This was available at the national level from the World Bank Development Indicators database (World Bank 2006) and the average annual GDP per capita for the study period was calculated. A recently developed measure known as Gross Cell Product (GCP) (Nordhaus 2006 ) was used as a proxy for local socio-economic conditions for Dataset 2. This is an area-based equivalent of GDP and reflects the geographic intensity of economic activity at a resolution of 1 × 1°(approximately 100 km 2 ). GCP was available for 1990, and we believed that this would provide a reasonable indication of socio-economic conditions for sites in Dataset 2, in which studies were conducted between 1985 and 2000.
Water and sanitation coverage (as proportion of the population with access to 'improved' sources or services, see www.wssinfo.org/en/122_definitions.html for definitions) data is compiled by the WHO/UNICEF Joint Monitoring Programme (JMP) (WHO & UNICEF 2003) , and is available at the national level, divided into rural and urban settings. Since the mid-1980s, the quality of this data has been significantly improved. Despite the lack of local level data, we considered the influence of water and sanitation to be of particular interest and included it in Dataset 2. We obtained the national coverage figures for both water and sanitation applicable to each study site from the JMP website (WHO & UNICEF 2003), using the rural or urban estimates as appropriate. No estimates were available for slum settings; only 2 studies in Dataset 2 were in 'slums', and these were excluded from the main analysis for reasons that are outlined in Section 3.3. below.
Statistical analysis
We assessed the crude association between diarrhoea incidence and both rainfall and temperature. Using Dataset 1, we produced scatter-plots and calculated Pearson's correlation coefficients for the agebands 0-5 and 6-11 mo, and for each year of age from 1-4 yr. Possible collinearity between rainfall and diarrhoea was assessed using correlation coefficients.
We then used linear regression to quantify the relationship between the logarithm of diarrhoea rate and the weather variables in both datasets. Variables were added to the models sequentially, beginning with age and socioeconomic conditions (as GDP per capita or GCP), followed by mean rainfall and temperature, and finally, the setting (rural, urban, slum, mixed) and water and sanitation coverage (for Dataset 2 only). Following this, we assessed influence of climate type (as Köppen-Geiger classification) using the same analysis but excluding the weather variables. To make the regression coefficients more easily interpretable, we exponentiated them so that they represent the incremental prevalence rate ratio per unit increase in the explanatory variable.
The regression analysis used age-specific rates, with multiple rates frequently abstracted for the same publication. This left our analysis prone to within-study clustering; to allow for this we used a mixed model with random study effects.
While all studies included in the datasets were conducted over a period of 1 yr or longer, many were not carried out over complete year periods. As a result, the averages for diarrhoea rates, rainfall, and temperature may have been skewed upwards or downwards, depending on the seasonal pattern during the partial year period. We carried out a sensitivity analysis which excluded covering partial year periods studies to account for this. Analyses were conducted using Stata v. 8 software. Table 5 shows the Pearson's correlation coefficients for the crude relationship between the average weather variables and the logarithm of diarrhoea morbidity, and Fig. 2 shows example scatter plots. Rainfall appears to be negatively correlated with diarrhoea rates, with the strength varying by age-group (Table 5) . One of the Brazilian sites, a slum with high diarrhoea prevalence and medium rainfall, was an outlier in this apparent relationship and in the distribution of diarrhoea rates, as seen at the top of Fig. 2a . Excluding this study from the correlation increased the strength of the crude association (Table 5 ). The association between temperature and diarrhoea was weaker and more variable (Table 5 ). The outlier study for the rainfall plots was also apparent in the temperature plots; rates were consistently high, and were double the nearest rate for 2 to 4 yr olds. The correlation coefficients for the association between rainfall and temperature in Datasets 1 and 2 were 0.3 and 0.5 respectively. This level of collinearity need not exclude the simultaneous use of the variables in a regression model.
RESULTS

Crude associations
Regression analysis of Dataset 1
Using Dataset 1, we ran the regression models both including and excluding the outlier identified in the scatter plots. The results including the outlier are shown in Table 6 . There was little evidence for association of either GDP or temperature with diarrhoea. Rainfall, however, was negatively associated with diarrhoea rates, with the final model suggesting that an increase in mean rainfall of 10 mm mo -1 is associated with a 4% decrease in diarrhoea incidence (95% CI: 1-7%, p = 0.02). When rainfall was included in this model as a 3-level group variable, we found prevalence ratios (relative to 1 at < 50 mm mo -1 ) of 0.55 at 50-149 mm mo -1 and 0.39 at ≥150 mm mo -1 (respectively: 95% CI: 0.18-0.83, p = 0.02 and 95% CI: 0.27-1.13, p = 0.1). The magnitude of the diarrhoea-rainfall relationship remained the same when the outlier study was excluded, however the strength of the evidence increased (p = 0.004). We found no strong evidence to suggest an influence due to rural, urban or slum setting, although low power was reflected in wide confidence intervals for these comparisons. Comparing grouped urban and slum sites to rural areas gave similar results.
The sensitivity analysis, which excluded 16 studies that included a part-year (out of 36 studies), gave a similar point estimate for the effect of rainfall to that in the final model (decrease in diarrhoea rate of 5% for each 10 mm mo -1 of rainfall; 95% CI: 3-8%).
Regression analysis of Dataset 2
For Dataset 2, initial scatter-plots showed 2 studies with very high GCPs compared to the others. Both these studies were carried out in slums in Brazil (one being the outlier in Dataset 1), but had the highest GCPs in the dataset (US $ 27 000). As the nearest GCP to this was US $ 15 000, and the median was just Temperature and children 1 yr Fig. 2 . Log diarrhoea-morbidity-rate scatterplots of (a) children aged 6-11 mo against mean rainfall, by country; and (b) children aged 1 yr against mean temperature, by climate classification US $ 7968, we carried out an analysis including and excluding these studies. The analysis including the outliers provided little evidence of an association between diarrhoea prevalence, the weather parameters, GCP, or water and sanitation coverage. The estimate for the effect of rainfall was a 3% reduction for each 10 mm mo -1 increase in rainfall (95% CI: -3%-10%, p = 0.3). Table 7 shows the results when the outliers were excluded. Again, our analysis found little evidence for association between diarrhoea morbidity and GCP, temperature, or water and sanitation coverage. As in Dataset 1, there was an apparent negative association between rainfall and diarrhoea morbidity. The final model suggested a 7% fall in diarrhoea rates for each 10 mm mo -1 increase in mean rainfall; however, the 95% CI ranged from a 15% decrease to a 2% increase (p = 0.13). Owing to the small size of this dataset, a sensitivity analysis was not attempted.
Climate type and diarrhoea morbidity
The regression coefficients for Köppen-Geiger classification as predictors of diarrhoea morbidity-controlled for age, GDP, and setting -are shown in Table 8 . Arid regions had the highest diarrhoea rates after adjustment; the differences, however, were not statistically significant.
DISCUSSION
Our analysis suggests that low rainfall, over a period of at least a year, is a determinant of childhood diarrhoeal disease in low and middle income countries. We found rainfall has a negative linear relationship with diarrhoea rates, which concurs with Singh et al.'s (2001) cross-sectional study in the Pacific Islands; our study suggests this association may exist over globally dispersed sites. Such a finding is plausible, as precipitation is a major determinant of streamflow and ground water recharge, with low levels potentially leading to water scarcity (Ahmad et al. 2001) . This may in turn 124 Table 6 . Dataset 1. Regression coefficients (95% CI) for the association between diarrhoea morbidity rates and each variable. All models are adjusted for age group. Coefficients indicate change in diarrhoea rate (episodes per child yr) for each: 100 US$ (based on US $ rate in 2000) increase in gross domestic product (GDP) per capita; 10 mm mo -1 increase in mean monthly rainfall; and 1°C increase in mean temperature Table 7 . Dataset 2. Regression coefficients (95% CI) for association between diarrhoea morbidity rates and each variable, excluding both outlier studies. All models are adjusted for age group. Coefficients indicate the change in diarrhoea rate (episodes per child yr) for each: 1000 million US $ (based on US $ rate in 1995) increase in gross cell product (GCP); 10 mm mo -1 increase in mean monthly rainfall; 1°C increase in mean temperature; and 10% increase in water or sanitation coverage
Variable
Model 1 lead people to use less protected water sources, and reduce hygiene behaviour, resulting in increased diarrhoea incidence (Moran et al. 1997) . Studies of the association between rainfall and diarrhoea over the short term (weekly or monthly) have found both low and high rainfall increase diarrhoea incidence (Curriero et al. 2001 , Singh et al. 2001 . Such studies have linked outbreaks to extreme rainfall events. These outbreaks, however, are likely to be short-lived, and following initial contamination, continued rainfall is likely to dilute any pathogens and restore water quality (Singh et al. 2001) . Thus, extreme rainfall events may have a relatively limited influence on long-term diarrhoea rates. In contrast, low rainfall, and the possible water scarcity, may lead to increased diarrhoea for the whole dry period duration. This may explain why a U-shaped relationship is seen in time series studies of short-term associations, while ours found a linear relationship.
At present, almost a third of the global population (approximately 1.7 billion people) experience water stress, and this is expected to increase to 5 billion people by 2025 (Ahmad et al. 2001 ). Climate change is likely to aggravate this situation, perhaps contributing to 20% of the future increases in water scarcity (Ahern 2006) . As our findings suggest diarrhoea morbidity increases with water scarcity, the large number of people projected to have limited access to water in the future may be particularly vulnerable to diarrhoea. Further, recent research suggests repeated episodes of dehydrating diarrhoea may have chronic effects, including impairing growth and cognitive ability (Guerrant et al. 2002) , and hypertension (Davey Smith et al. 2006 , Lawlor et al. 2006 . That is, the effects of diarrhoea morbidity may extend well beyond the acute event. More widespread water scarcity in the future may, through increased diarrhoea, have far reaching consequences, including an impact on the growing burden of chronic disease in low-and middle-income countries.
Unexpectedly, we found no association between average temperature and diarrhoea morbidity. This contrasts with the positive associations found in studies of temperature as an annual average (Singh et al. 2001) , and of short-term (monthly or weekly) temperature variability (Checkley et al. 2000 , Lama et al. 2004 . Pathogens respond differently to temperature, with bacteria and protozoa thriving in warm conditions and viruses generally peaking in the cooler seasons (Podewils et al. 2004) . Our study considered all-cause diarrhoea in a broad range of sites, possibly having quite different pathogen profiles, and this may explain the lack of an association between diarrhoea and temperature. However, all study sites were in developing regions and bacteria and protozoa tend to dominate in these areas (O'Ryan et al. 2005 ). An alternative explanation is that the range of temperatures in the study sites, which were mostly in 'hot' areas, was too narrow to allow differences to be detected (median temperature: 24.5°C; 25th-75th percentile: 19.5-26°C). Finally, uncontrolled biases may have obscured an association.
In the present study, we used the most valid allcause diarrhoea morbidity rates that were available. However, ascertaining a case of diarrhoea is not rigorously objective, and the authors of the global burden of diarrhoeal disease reviews each noted that studies employed a number of case definitions, and that, to a degree, rates tended to increase with frequency of ascertainment and decrease with study size (Kosek et al. 2003) . However, as it is unlikely that the resulting variations in estimates were associated with either rainfall or temperature, bias due to this limitation seems unlikely.
We found little evidence of association between the indicators of socio-economic development (GDP and GCP) and diarrhoea rates. As the geographical areas covered by studies included in this analysis were much smaller than countries, variables based on national estimates are of limited value. To partially overcome this, we used a measure with finer geographical resolution (GCP) in Dataset 2. GCP and GDP per capita were poorly correlated (r = 0.14), confirming that they measure different things. However, although GCP measures income in an area considerably smaller than most countries, these areas are still large (around 100 km 2 ), within which a variety of socio-economic conditions may be seen. The inclusion of areas of poverty surrounded by wealth may have obscured an association of GCP with diarrhoea rates in our study, although, eliminating the 2 studies that were most likely to suffer from such misclassification still failed to find an association.
The evident limitations of the available measures of economic deprivation and access to water and sanitation (only available at national level, split by urban/ rural area) could have biased the association between rainfall and diarrhoea, by residual confounding. Further, unaccounted-for population factors which may have influenced disease rates may have biased our results. Nevertheless, as with misclassification in ascertainment of diarrhoea discussed above, there seems no particular reason to suspect that these variables (or other unmeasured risk factors) would be associated with rainfall, so substantial bias does not seem likely.
Finally, as for temperature, it is possible that a lack of association between diarrhoea and GDP or GCP, and similarly, with water and sanitation provision, was due to the limited range of these variables. The majority of study sites were low-income, and water and sanitation coverage was broadly similar. Despite this possibility, the sites included in the study are representative in terms of climate and development of areas bearing the greatest burden of diarrhoea, meaning the apparent influence of rainfall is important.
CONCLUSIONS
We found that low rainfall may be associated with increased diarrhoea morbidity in children, most likely due to resulting water scarcity. Thus the impacts of low rainfall on diarrhoeal disease may be avoided by ensuring safe and reliable water and sanitation infrastructure. Our findings add support to efforts to improve global water and sanitation coverage, and may suggest one means of identifying the most vulnerable populations. Quantity of available water is strongly related to diarrhoea rates, and disease may be prevented by increasing access and/or improving microbial quality (Clasen et al. 2007 ). Additionally, the potential for climate change to increase water scarcity means this study adds some support to the need for mitigation and adaptation measures.
The vast majority of the burden of diarrhoeal disease, and the impact of water scarcity on diarrhoea, is, and is likely to continue to be, experienced by young children in developing countries. Addressing this issue will prevent further widening of global health inequalities.
